Introduction {#S0001}
============

With the increasing aging of the global population, the research and development of anti-aging medicines and health care products have been becoming a hot spot.[@CIT0001] In 1969, an American pathologist, Walford, first proposed the concept of immunosenescence,[@CIT0002],[@CIT0003] which refers to the gradual deterioration of the immune system in the process of aging, leading to immune response dysfunction, inefficiency, or ineffectiveness.[@CIT0004],[@CIT0005] This age-associated immune deficiency manifests as: i) diminished self-renewal capacity of hematopoietic stem cells (HSC) due to the accumulation of oxidative damage to DNA and cellular metabolic activity by aging;[@CIT0006] ii) a notable decline in the total number of phagocytes coupled with an intrinsic reduction of their bactericidal activity;[@CIT0007] iii) reduced cytotoxicity of natural killer (NK) cells and the antigen-presenting function of dendritic cells with aging;[@CIT0008] and iv) declined humoral immunity caused by a reduction in the population of B cells along with a smaller immunoglobulin diversity and affinity.[@CIT0009] In addition, immunosenescence also leads to subclinical accumulation of pro-inflammatory factor and inflamm-aging, which exhibits an ever-increasing chronic background of inflammation from sources such as senescent cells, cell debris, and changes in the gut microbiota. This inflamm-aging then drives immune system dysfunction.[@CIT0010] Immunosenescence affects both the capacity of an elderly individual to respond to infections and the development of immune memory by vaccination, standing at the origin of most diseases of the elderly including cancer, infection, and autoimmune diseases. A correct modulation of immune responses can be useful to reduce age-related immunosenescence process in order to reach healthy aging.[@CIT0004],[@CIT0005]

*Schisandra sphenanthera* Rehd. et Wils (*S. sphenanthera*,Schisandraceae), a well-known Chinese traditional medicine, has been used in antioxidation and hepatoprotection for thousands of years.[@CIT0011] Anwulignan is a symbolic monomer lignan from *S. sphenanthera*. Our previous studies found that Anwulignan had significant protective effects on the injured liver and brain tissues in an aging mice model induced by D-gal,[@CIT0012],[@CIT0013] showing a significant anti-aging function. However, its effect on immune function remains elusive. Therefore, in this study, we sought to determine the regulatory effect of Anwulignan on the immune function also by using an aging mice model induced by D-gal and explore the underlying mechanism. We hope this study will provide a basis for the development of anti-aging medicine or health care products.

Materials and Methods {#S0002}
=====================

Experimental Animals, Materials, and Reagents {#S0002-S2001}
---------------------------------------------

Clean-grade healthy male ICR mice, weighing 20±2 g and aged from 6 to 8 weeks, were purchased from Changchun Yisi Experimental Animal Co., Ltd with the Certificate of Quality No. SCXK (JI)- 2016-0003 (Changchun, China), and were kept in separate cages in a light/dark cycle of 12:12 h with free access to food and water. The animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of Beihua University. All of the experimental procedures were performed in accordance with the Guide for the Care and Use of Laboratory Animals (China).

Anwulignan (Chengdu Pufei De Biotech Co., Ltd, Chengdu, China); sodium carboxymethyl cellulose (AR) (Shandong Weifang Lite Composite Materials Co., Ltd, Weifang, China); Twain-20 (AR) (Tianjin Yungtay Reagent Co., Ltd, Tianjin, China); D-galactose (Sigma Co., Ltd, USA); PVDF (polyvinylidene fluoride) film, HCl--Tris, 30% acrylamide, TEMED (N,N,N',N'-t﻿etramethylethylenediamine), ammonium persulfate, Tris, and glycine (Beijing Dinguo Reagent Co., Ltd, Beijing, China); 8-OHdG, GSH-Px, SOD, and MDA kits (Nanjing Jiancheng Bioengineering Institute Co., Ltd, Nangjing, China); skim milk powder (BD Co., Ltd, San Francisco, CA, USA); rabbit anti-Keap1, rabbit anti-Nrf2 (EPR1390Y), and rabbit anti-HO-1 (EP1808Y) antibodies (Abcam, San Francisco, CA, USA); rabbit anti-Caspase-3 (0206130101), rabbit anti-Bcl2 (0206130101), and rabbit anti-Bax (0206130101) (ABclonal Biotechnology Co., Ltd, Wuhan, China); ECL (ElectroChemi-Luminescence) color liquid (Biyuntian Biological Products Co., Ltd, Beijing, China); broad spectrum protein marker (Beijing Soledao Technology Co., Ltd, Beijing, China); and DMEM medium and other culture reagents were obtained from Hyclone (Logan Co., Ltd, UT, USA). IL-2, IL-4, IL-6, TNF-α, and IFN-γ kits (Shanghai MLBIO Biotechnology Co., Ltd, Shanghai, China); lgG, lgM, and lgA kits (Shanghai Lengton Bioscience Co., Ltd, Shanghai, China); ANNEXIN-V-FITC/PI Apoptosis kit (Beijing Solarbio Science & Technology Co., Ltd, Beijing, China); Concanavalin A (ConA; Sigma Co., Ltd, USA); Indian ink (Shanghai Ruiyong Biotechnology Co., Ltd, Shanghai, China); Na~2~CO~3~ (Beijing Beihua Fine Chemicals Co., Ltd, Beijing, China); and Isopropanol (Tianjin Fuyu Fine Chemical Co., Ltd, Tianjin, China). All of the reagents were of analytical grade or chromatographically pure.

Animal Grouping and Administration {#S0002-S2002}
----------------------------------

One hundred and five ICR mice were randomly and evenly divided into 5 groups, ie blank control group (distilled water by gavage and saline by subcutaneous injection), model group (distilled water by gavage and 220 mg kg^−1^ D-gal by subcutaneous injection), and three Anwulignan groups (1, 2, and 4 mg kg^−1^ by gavage and 220 mg kg^−1^ D-gal by subcutaneous injection), 21 mice in each group, and administered once daily for consecutive 42 days. After 30 min of the last dose, the blood was collected by removing the eyeball after anesthesia with ether, and spleen tissue was collected after the mice were sacrificed. Among the mice, 15 mice were used to detect the serum cytokine content and immunoglobulin level, to observe their spleen index, spleen tissue oxidation-related factors, the expression level of Nrf2/AER pathway and apoptosis-related proteins, as well as the proliferation ability and apoptosis of spleen lymphocytes. Three mice were used for the detection of phagocytic activity of macrophages in peripheral blood. The left 3 mice were used for observation of white blood cell count in peripheral blood and spleen histopathology. The experimental protocol is shown in [Figure 1](#F0001){ref-type="fig"}.Figure 1The experimental protocol.

Serum IL-2, IL-4, IL-6, TNF-α, and IFN-γ Level Analysis {#S0002-S2003}
-------------------------------------------------------

The peripheral blood samples of 15 mice from each group were centrifuged at 3500 rpm for 10 min to obtain the serum. Then, the serum contents of IL-2, IL-4, IL-6, TNF-α, and IFN-γ were analyzed by enzyme-linked immunosorbent assay (ELISA) as the instructions of the corresponding kits.

Serum lgG, lgM, and lgA Level Analysis {#S0002-S2004}
--------------------------------------

The serum samples were prepared as described in the previous section. The serum levels of lgG, lgM, and lgA were detected by ELISA as the instructions of the corresponding kits.

Blood Leukocyte Counting {#S0002-S2005}
------------------------

The blood samples (0.02 mL for each) of 3 mice from each group were added to 0.38 mL leukocyte diluent and mixed. The number of leukocytes was counted with a counting plate under a microscope and calculated according to the following formula: $$\documentclass[12pt]{minimal}
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Phagocytic Activity of Macrophages Assessment {#S0002-S2006}
---------------------------------------------

Thirty minutes after the last dose by gavage, 3 mice from each group were anesthetized with ether and injected with 50% diluted India ink (0.1 mL 10 g^−1^) through their tail veins. Then, 0.025 mL of blood of mice was collected from the inner canthus venous plexus 3 min and 11 min after the ink injection, respectively. The blood samples were immediately added to 2 mL of 0.1% Na~2~CO~3~ solution, which was used as the control. The absorbance values of the samples of two times (A~3~ and A~11~, respectively) were measured at 600 nm wavelength by a microplate reader (Infinite M200; Tecan, Maennedorf, Switzerland). The carbon clearance index (K) and phagocytosis index (α) were calculated according to the following equations: $$\documentclass[12pt]{minimal}
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Histopathologic Examination {#S0002-S2007}
---------------------------

The spleen tissues from 3 mice of each group were isolated, and the excess tissues and fascia were stripped, rinsed with normal saline, dried with filter paper, and weighed. Then, the spleen tissues were fixed in 10% formalin, dehydrated, paraffin-embedded routinely and cut into slices 5 to 10 μm thick. Finally, the slices were stained with HE and the histopathological changes were examined under an optical microscope.

Spleen Index Measurement {#S0002-S2008}
------------------------

The spleen index was calculated according to the following formula: $$\documentclass[12pt]{minimal}
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Proliferation Ability of Splenic Lymphocytes Assessment {#S0002-S2009}
-------------------------------------------------------

The splenic lymphocytes were prepared and the proliferation ability of them was detected by MTT assay as reported.[@CIT0014],[@CIT0015] The optical density (OD) values were measured at a wavelength of 570 nm with a spectrophotometer (UV2550; Shimadzu, Kyoto, Japan). The difference in OD values between the samples that were incubated with and without ConA represented the proliferation ability of splenic lymphocytes.

Oxidative Biomarker Measurement {#S0002-S2010}
-------------------------------

SOD and GSH-Px activities in the spleen homogenate were detected by the WST-1 method and colorimetry respectively. MDA and 8-OHdG levels in the spleen were also measured by the TBA method and ELISA respectively by referring to the instructions of the corresponding kits.

Western Blot Analysis {#S0002-S2011}
---------------------

In order to analyze the proteins related to antioxidation and apoptosis, the splenic lymphocyte suspension was prepared and added with the lysis buffer, incubated on ice for 30 min, and then centrifuged at 12,000 rpm for 10 min to obtain the supernatant. The tissue protein concentration in the supernatant was determined by the BCA method. Antioxidation-related proteins Keap1, Nrf2, and HO-1, and apoptosis-related proteins Caspase-3, Bcl-2, and Bax in the supernatant were separated by 10% SDS-PAGE gel electrophoresis for 2 h, and then transferred onto PVDF membranes. The membranes were rinsed with Tris buffer (TBST) for 5 min and then blocked with the blocking TBST buffer (containing 5% skimmed milk powder) for 2 h at room temperature. Then, the blocking buffer was discarded, and the primary antibodies of Keap1 (1:1000), Nrf2 (1:1000), HO-1 (1:1000), Caspase-3 (1:1000), Bcl-2 (1:1000), and Bax (1:1000) were added onto the membranes. The membranes were incubated at 4 °C overnight and washed with TBST 5 times, for 5 min each time, and the corresponding second antibodies (1:5000) were added onto the membranes and the membranes were incubated for 2 h. The membranes were washed again with TBS-T 5 times, for 5 min each time. Finally, ECL chromogenic solution was added onto the membranes for the color development. The optical density of each band was analyzed by IPP software and the final results were expressed as the ratio of the target proteins to the internal reference β-actin.

Flow Cytometry {#S0002-S2012}
--------------

The spleen lymphocytes were adjusted to 5×10^6^ mL^−1^ with DMEM (including 10% FBS), and the apoptosis of spleen lymphocytes was analyzed by an Epics-XL Flow Cytometer (Beckman Coulter, Brea, CA, USA) according to the instructions of the ANNEXIN-V-FITC/PI apoptosis kit.

Statistical Analysis {#S0002-S2013}
--------------------

The experimental data were represented by mean±SD. One-way analysis of variance was used for the statistical analysis, and then Tukey's multiple comparison test was carried out with SPSS software (SPSS 19.0; IBM Corporation, Armonk, NY, USA). *P*\<0.05 was considered significant statistically.

Results {#S0003}
=======

Anwulignan Regulated the Serum Levels of Cytokines Differently {#S0003-S2001}
--------------------------------------------------------------

The results showed that Anwulignan up-regulated some cytokine levels but down-regulated others. On one hand, Anwulignan increased the levels of IL-2, IL-4, and IFN-γ significantly in all three dose groups (*P*\<0.05, *P*\<0.01) in comparison to the MOD group, in which these serum cytokines were significantly lower than the CON group ([Figure 2A](#F0002){ref-type="fig"}--[C](#F0002){ref-type="fig"}). On the other hand, Anwulignan at 4 mg kg^−1^ decreased the serum levels of IL-6 and TNF-α when compared with the MOD group (*P*\<0.05), in which these two serum cytokines were significantly higher than the CON group (*P*\<0.05) ([Figure 2D](#F0002){ref-type="fig"} and [E](#F0002){ref-type="fig"}). Given that up-regulation of pro-inflammatory cytokines (such as IL-6) and down-regulation of anti-inflammatory cytokines (IL-2 and IL-4) are hallmarks of inflamm-aging related to immunosenescence,[@CIT0016] our results indicated that: i) the aging animal model induced by D-gal faithfully represents the characteristics of naturally aging animals and is suitable for aging research; and ii) treatment with Anwulignan reversed the course of inflamm-age process in the D-gal-induced aging model mice.Figure 2Effects of Anwulignan on the serum IL-2, IL-4, IL-6, TNF-α, and IFN-γ contents in mice (mean±SD, n=15).**Notes:** (**A**) Effect of Anwulignan on the serum IL-2 content; (**B**) Effect of Anwulignan on the serum IL-4 content; (**C**) Effect of Anwulignan on the serum IFN-γ content; (**D**) Effect of Anwulignan on the serum IL-6 content; (**E**) Effect of Anwulignan on the serum TNF-α content. ^\#\#^*P*\<0.01, ^\#^*P*\<0.05, compared with the CON group; \*\**P*\<0.01, \**P*\<0.05, compared with the MOD group.**Abbreviations:** CON, control; MOD, model.

Anwulignan Increased the Serum Levels of Immunoglobulins {#S0003-S2002}
--------------------------------------------------------

Immunoglobulin (Ig) is a common index of humoral immune status and plays an important role in immune response and adaptation.[@CIT0015] Our results showed that the serum levels of IgG, IgM, and lgA in the MOD group were significantly lower than those in the CON group (*P*\<0.01, *P*\<0.05), however, Anwulignan increased them significantly (*P*\<0.01, *P*\<0.05) ([Figure 3A](#F0003){ref-type="fig"}--[C](#F0003){ref-type="fig"}), suggesting that Anwulignan is able to restore the humoral immunity that is declined in aging model mice caused by a reduction in the population of B cells.Figure 3Effects of Anwulignan on the serum IgG, IgM, and lgA levels in mice (mean±SD, n=15).**Notes:** (**A**) Effect of Anwulignan on the serum IgG content; (**B**) Effect of Anwulignan on the serum IgM content; (**C**) Effect of Anwulignan on the serum lgA content. ^\#\#^*P*\<0.01, ^\#^*P*\<0.05, compared with the CON group; \*\**P*\<0.01, \**P*\<0.05, compared with the MOD group.**Abbreviations:** CON, control; MOD, model.

Anwulignan Increased the Number of Blood Leukocytes and Phagocytic Activity {#S0003-S2003}
---------------------------------------------------------------------------

There is a notable decline in the total number of phagocytes in aged hosts, coupled with an intrinsic reduction of the phagocytic activity.[@CIT0017] Therefore, it is very necessary to examine the leukocyte numbers and their phagocytic activity. Our results showed that the blood leukocyte numbers in the MOD group were significantly lower than those of the CON group (*P*\<0.01). However, Anwulignan increased the blood leukocyte numbers significantly in comparison to the MOD group (*P*\<0.01) ([Figure 4A](#F0004){ref-type="fig"}).Figure 4Effects of Anwulignan on the blood leukocyte count and the phagocytosis of macrophages (mean±SD, n=3).**Notes:** (**A**) Effect of Anwulignan on the blood leukocyte count in mice; (**B**) Effect of Anwulignan on the phagocytosis of macrophages of mice. ^\#\#^*P*\<0.01, compared with the CON group; \*\**P*\<0.01 compared with the MOD group.**Abbreviations:** CON, control; MOD, model.

Macrophages, as a kind of leukocyte, secrete a variety of complement components, cytokines, and inflammatory mediators and produce phagocytosis.[@CIT0017],[@CIT0018] We compared phagocytic activities of leukocytes with and without Anwulignan in D-gal-induced aging model mice. The results showed that the phagocytic activity of macrophages in the MOD group was significantly lower than that of the CON group (*P*\<0.01). After Anwulignan treatment, the phagocytic activity of blood macrophages was significantly increased (*P*\<0.01) ([Figure 4B](#F0004){ref-type="fig"}). Taken together, these results demonstrate that Anwulignan is able to restore the leukocyte number and phagocytosis that have declined in the course of age-related immunosenescence.

Anwulignan Ameliorated the Histopathological Changes in the Spleen {#S0003-S2004}
------------------------------------------------------------------

In the aging process, structural changes occur to the spleen, affect the functioning of the immune cells, and ultimately result in less effective or decreased immune responses. In order to evaluate the effect of Anwulignan on the histopathology of the spleen in aging mice, the morphological changes of the spleen were observed under an optical microscope by HE staining. The results showed that in the CON group, the splenocytes were tightly and well arranged with clear nuclei and boundary between the red and white medulla. In contrast, in MOD mice, the spleen cells were sparsely and disorderly arranged, with visible nuclear pyknosis, many vacuoles under the capsule of the white pulp and spleen, and some macrophages. However, Anwulignan improved the pathological changes as observed in the MOD group, and increased macrophage numbers with the dose increase ([Figure 5A](#F0005){ref-type="fig"}).Figure 5Protective effect of Anwulignan on the histopathological changes in the spleen of mice.**Notes:** (**A**) Effects of Anwulignan on histopathological changes in the spleen tissue (HE×200) (n=3); (**B**) Effect of Anwulignan on the proportion of white pulp in the spleen (n=3); (**C**) Effect of Anwulignan on the spleen index (n=15); (**D**) Effect of Anwulignan on the proliferation of spleen lymphocytes (n=3). ^\#\#^*P*\<0.01, ^\#^*P*\<0.05, compared with the CON group; \*\**P*\<0.01, \**P*\<0.05, compared with the MOD group.**Abbreviations:** CON, control; MOD, model. The arrows indicate vacuoles and macrophages.

The ratio of red and white pulps of the spleen tissue in the MOD group was significantly lower than that in the CON group (*P*\<0.05). However, Anwulignan increased the ratio of red and white pulp significantly (*P*\<0.05) ([Figure 5B](#F0005){ref-type="fig"}).

The spleen index reflects the immune status of the body.[@CIT0019] The results showed that the spleen index in the MOD group was significantly lower than that of the CON group (*P*\<0.05). Anwulignan increased the spleen index dose dependently (*P*\<0.05, *P*\<0.01) ([Figure 5C](#F0005){ref-type="fig"}). It is suggested that Anwulignan may improve the body weight and spleen weight of mice and thus protect the spleen in the aging mice.

Aging can reduce the proliferation and transformation ability of spleen lymphocytes in mice.[@CIT0020],[@CIT0021] Our results showed that the spleen lymphocyte proliferation ability was significantly lower in the MOD group than that of the CON group (*P*\<0.01). However, Anwulignan increased the proliferation of lymphocytes significantly (*P*\<0.05, *P*\<0.01) ([Figure 5D](#F0005){ref-type="fig"}).

Anwulignan Increased SOD and GSH-Px Activities and Decreased MDA and 8-OHdG Contents in the Spleen {#S0003-S2005}
--------------------------------------------------------------------------------------------------

The reduction in immune functions in immunosenescence is owing to oxidative damage of proteins, lipids, and carbohydrates and apoptotic cell death triggered by the accumulation of oxidative debris. SOD, the most important antioxidant enzyme in the body, can effectively eliminate free radicals in the process of biological oxidation.[@CIT0022] GSH-Px, an important peroxidase in the body, can protect the body from oxidative damage.[@CIT0023] MDA is the product of lipid peroxidation and an important index to reflect the injury caused by free radicals, and its content increases with the aging of the body.[@CIT0024] The accumulation of free radicals can also damage intracellular DNA, and 8-OHdG is the most commonly used biomarker in the oxidative damage of DNA.[@CIT0025] The results showed that SOD and GSH-Px activities in spleen tissue of the MOD group were significantly decreased in comparison to the CON group (*P*\<0.05, *P*\<0.01) ([Figure 6A](#F0006){ref-type="fig"} and [B](#F0006){ref-type="fig"}). Anwulignan increased SOD activity (*P*\<0.01, *P*\<0 05). GSH-Px activity was not significantly changed in the 1 mg kg^−1^ and 2 mg kg^−1^ Anwulignan groups (*P*\>0 05), but was significantly higher than those in the control group in the 4 mg kg^−1^Anwulignan group (*P*\<0. 05) ([Figure 6A](#F0005){ref-type="fig"} and [B](#F0006){ref-type="fig"}). On the contrary, the MDA and 8-OHdG contents in the MOD group decreased (*P*\<0.01, *P*\<0.05) ([Figure 6C](#F0005){ref-type="fig"} and [D](#F0006){ref-type="fig"}). Anwulignan decreased the MDA and 8-OHdG contents significantly in the 4 mg kg^--1^ Anwulignan group (*P*\<0.05, *P*\<0.01) ([Figure 6C](#F0006){ref-type="fig"} and [D](#F0002){ref-type="fig"}). It is suggested that Anwulignan has an antioxidant effect, which may be related to its protective effect on immune injury induced by D-gal in mice.Figure 6Effects of Anwulignan on the activity of SOD and GSH-Px and the content of MDA and 8-OHdG in the spleen tissue of aging mice (mean±SD, n=15).**Notes:** (**A**) Effect of Anwulignan on the SOD content in the spleen tissue; (**B**) Effect of Anwulignan on the GSH-Px content in the spleen tissue; **(C)** Effect of Anwulignan on the MDA content in the spleen tissue; (**D**) Effect of Anwulignan on the 8-OHdG content in the spleen tissue. ^\#\#^*P*\<0.01, ^\#^*P*\<0.05, compared with the CON group; \*\**P*\<0.01, \**P*\<0.05, compared with the MOD group.**Abbreviations:** CON, control; MOD, model.

Anwulignan Regulated the NRF2-ARE Pathway in the Spleen {#S0003-S2006}
-------------------------------------------------------

NRF2-ARE is the key antioxidant regulatory pathway of aging in macrophages and epithelial cells.[@CIT0026],[@CIT0027] We examined the effect of Anwulignan on this pathway in the spleen cells. The results showed that in the MOD group, D-gal decreased the expressions of Nrf2 and HO-1, but increased that of Keap1 significantly (*P*\<0.05 or *P*\<0.01) in comparison to the CON group. On the contrary, Anwulignan increased Nrf2 and HO-1 expressions, but decreased Keap1 expression significantly and dose dependently (*P*\<0.05 or *P*\<0.01) ([Figure 7A](#F0007){ref-type="fig"} and [B](#F0007){ref-type="fig"}). It is suggested that Anwulignan may exert its effects via the NRF2-ARE antioxidant pathway.Figure 7Effects of Anwulignan on the expressions of Keap1, Nrf2, and HO-1 proteins in the spleen cells of mice (mean±SD, n=3).**Notes:** (**A**) Keap1, Nrf2, HO-1, and β-actin protein electrophoresis images (western blotting); (**B**) Keap1/β-actin, Nrf2/β-actin, and HO-1/β-actin column charts (western blotting). ^\#\#^*P*\<0.01, ^\#^*P*\<0.05, compared with the CON group; \*\**P*\<0.01, \**P*\<0.05, compared with the MOD group.**Abbreviations:** CON, control; MOD, model.

Anwulignan Inhibited the Apoptosis of Spleen Cells {#S0003-S2007}
--------------------------------------------------

Apoptosis is one of many typical changes of immunosenescence. Anti-apoptotic Bcl2 and pro-apoptotic Bax and Caspase-3 play an important role in the regulation of apoptosis.[@CIT0028] We traced the expression changes of these apoptosis-related genes in the spleen to assess their response to aging and Anwulignan treatment. The results showed that in the MOD group, the expressions of Caspase-3 and Bax in splenocytes increased (*P*\<0.05, *P*\<0.01), while the expression of Bcl2 decreased (*P*\<0. 01) in comparison to the CON group. However, Anwulignan reduced the expressions of Caspase-3 and Bax proteins (*P*\<0.05, *P*\<0.01), but increased the expression of Bcl2 significantly (4 mg kg^−1^, *P*\<0.01) ([Figure 8A](#F0008){ref-type="fig"} and [B](#F0008){ref-type="fig"}), suggesting that Anwulignan exerts its anti-aging partly via anti-apoptosis in spleen cells.Figure 8Effects of Anwulignan on Caspase-3, Bcl-2, and Bax protein expressions in the spleen cells of mice (mean±SD, n=3).**Notes:** (**A**) Caspase-3, Bcl-2, Bax, and β-actin protein electrophoresis images (western blotting); (**B**) Caspase-3/β-actin, Bcl-2/β-actin, and Bax/β-actin column charts (western blotting); (**C**) Effects of Anwulignan on the apoptosis of spleen lymphocytes; (**D**) Earlyapoptosis rate; (**E**) Late apoptosis rate; (**F**) Total apoptosis rate. ^\#\#^*P*\<0.01, ^\#^*P*\<0.05, compared with the CON group; \*\**P*\<0.01, \**P*\<0.05, compared with the MOD group.**Abbreviations:** CON, control; MOD, model.

To confirm the above inference, the spleen lymphocytes of each group were isolated, and their apoptosis status was further analyzed by flow cytometry. The results showed that the apoptosis rate in the MOD group was significantly higher than that in the CON group (*P*\<0. 01), whereas Anwulignan decreased the apoptosis rate significantly (*P*\<0. 01) ([Figure 8C](#F0008){ref-type="fig"}--[F](#F0008){ref-type="fig"}).

Discussion {#S0004}
==========

The aging immunosenescence theory holds that the immune system is fundamentally involved in the aging process of normal vertebrates and is the regulator of this process.[@CIT0029],[@CIT0030] With the progression of aging, the immune organs and cells will become progressively atrophied and degenerated, resulting in the degenerative changes of immune function and then an increased incidence of immune-related diseases.[@CIT0030] D-gal is a reducing sugar, which causes the increase in free radicals and induces the oxidative damage,[@CIT0031] finally leading to the gradual aging and damage of the body similar to those in natural aging.[@CIT0032],[@CIT0033] It has been reported that in the aging host, the levels of cytokines also change, and they play an important regulatory role in the immune system.[@CIT0034],[@CIT0035] In the current study, we found that Anwulignan increased the serum levels of IL-2, IL-4, and IFN-γ in the aging mice, while it decreased the serum levels of IL-6 and TNF-α, suggesting that Anwulignan can restore the immune function that is declined in the process of aging by regulating the level of the cytokines in mice and reversing the inflamm-aging process.

At the molecular level, we detected the serum contents of IgG, IgM, and IgA, which can reflect the immune response ability and humoral immune level of the body, and also change in the aging body.[@CIT0015],[@CIT0035]--[@CIT0038] D-gal used to produce an aging model in the others' and our present studies decreased these immunoglobulins and declined the level of humoral immune response.[@CIT0039],[@CIT0040] Anwulignan reversed these effects of D-gal and increased these immunoglobulins, suggesting that Anwulignan has a regulatory function on the humoral immune response of aging mice.

At the cellular level, the number of leukocytes and the phagocytic activity of macrophages were examined, which are also important indexes for the evaluation of the immune function.[@CIT0041] Anwulignan could increase the number of leukocytes and enhance the phagocytic activity of macrophages in the blood, and then restore the macrophage immunity that once damaged in D-gal-induced aging.

At the organ level, the spleen, one of the important organs of the immune system, was chosen, because it contains a large number of immune cells, and can produce immunoglobulin, complement, and other immune substances for immunity.[@CIT0042],[@CIT0043] Based on the theory of aging immunosenescence, the injury and functional decline of immune organs are one of the causes of aging.[@CIT0043],[@CIT0044] During immune activation, proliferation of spleen lymphocytes increases the weight of the spleen. But with the progression of aging, the spleen index decreases, its structure is damaged, and the proliferation ability of spleen lymphocytes decreases, finally resulting in declining immune function.[@CIT0045] Anwulignan could significantly improve the atrophy of the spleen induced by D-gal, increase the spleen index, and enhance the proliferation of spleen lymphocytes in vitro, demonstrating a significant protective role of Anwulignan in the spleen of aging mice induced by D-gal.

At the antioxidant pathway level, the Nrf2-ARE pathway was detected because it is the most important endogenous antioxidant stress pathway,[@CIT0046] and Nrf2 is the key regulator of antioxidant activity.[@CIT0047],[@CIT0048] Elevated activity of Nrf2 can effectively resist the oxidative stress damage and then reduce the immune decline in the body.[@CIT0049] Keap1 is a negative regulator of Nrf2 and HO-1 is a strong antioxidant in the body, which is regulated by Nrf2.[@CIT0050] Antioxidation enzyme SOD and peroxidase GSH-Px are the downstream enzymes of the Nrf2-ARE pathway and can convert superoxide free radicals into hydrogen peroxide and quickly decompose into water. The combined action of SOD and GSH-Px can effectively prevent tissue cells from being damaged by peroxides. Then, as for the free radicals, the ultimate factors of oxidative stress, there is a free radical theory of aging, which indicates that the accumulation of free radical products destroys the structure and function of immune organs such as the spleen.[@CIT0045] Our present results showed that Anwulignan up-regulated the expression of Nrf2 and HO-1 protein and down-regulated the expression of Keap1 protein in the spleen of aging mice; and then, increased the activities of antioxidation enzyme SOD and peroxidase GSH-Px and accordingly decreased the contents of the oxidative damage marker MDA and the DNA oxidative damage biomarker 8-OHdG in the spleen of mice treated with D-gal. Our previous study also found that Anwulignan could significantly increase the activity of SOD and GSH-Px and decrease the contents of MDA and 8-OHdG, but in the serum, liver, and brain tissues of aging mice induced by D-gal, confirming the antioxidant effect of Anwulignan.[@CIT0012],[@CIT0013] By taking all of the above effects together, we find that Anwulignan possesses an antioxidant function and is therefore able to protect against aging deterioration by acting on all processes of the Nrf2-ARE pathway, its downstream enzymes, and their substrates.

Apoptosis is another important factor involved in aging by eliminating the aging cells. Appropriate apoptosis can maintain the homeostasis of the body, but abnormal apoptosis inevitably indicates the disorder of the internal environment of the body.[@CIT0051],[@CIT0052] The apoptosis of immune cells is closely related to the regulation of the immune system, and is an important index to evaluate the changes of immune function.[@CIT0053] As important regulators of apoptosis, the expressions of both anti-apoptotic proteins represented by Bcl2 and pro-apoptotic proteins represented by Bax and Caspase-3 determine the trend of apoptosis.[@CIT0054],[@CIT0055] Interestingly, apoptosis is also related to Nrf2. Several studies have shown that Nrf2 can regulate the expression of Bcl2 by binding to its antioxidant response element (ARE), and Nrf2 inhibitors can reduce the expression of Bcl2.[@CIT0056],[@CIT0057] Our results showed that Anwulignan could up-regulate the expression of Bcl2 and down-regulate the expression of Bax and Caspase-3 in the spleen tissue of aging mice. Furthermore, the results of flow cytometry also confirmed that Anwulignan could decrease the apoptosis of spleen lymphocytes in aging mice.

Conclusions {#S0005}
===========

In conclusion, Anwulignan can restore the immune function that is declined in D-gal-induced aging mice partly related to its antioxidant capacity by activating the Nrf2/ARE pathway and downstream enzymes, as well as its anti-apoptotic effect by regulating Caspase-3 and the ratio of Bcl2 to Bax in the spleen. The present research contributes an experimental basis for Anwulignan to be a potential candidate for a novel antioxidative and anti-aging medicine or health care product.
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